Abstract: Growing evidence suggests that posterior cerebellar lobe contributes to social perception in healthy adults. However, they know little about how this process varies across age and with development. Using cross-sectional fMRI data, they examined cerebellar response to biological (BIO) versus scrambled (SCRAM) motion within typically developing (TD) and autism spectrum disorder (ASD) samples (age 4-30 years old), characterizing cerebellar response and BIO > SCRAM-selective effective connectivity, as well as associations with age and social ability. TD individuals recruited regions throughout cerebellar posterior lobe during BIO > SCRAM, especially bilateral lobule VI, and demonstrated connectivity with right posterior superior temporal sulcus (RpSTS) in left VI, Crus I/II, and VIIIb. ASD individuals showed BIO > SCRAM activity in left VI and left Crus I/II, and bilateral connectivity with RpSTS in Crus I/II and VIIIb/IX. No between-group differences emerged in well-matched subsamples. Among TD individuals, older age predicted greater BIO > SCRAM response in left VIIb and left VIIIa/b, but reduced connectivity between RpSTS and widespread regions of the right cerebellum. In ASD, older age predicted greater response in left Crus I and bilateral Crus II, but decreased effective connectivity with RpSTS in bilateral Crus I/II. In ASD, increased BIO > SCRAM signal in left VI/Crus I and right Crus II, VIIb, and dentate predicted lower social symptomaticity; increased effective connectivity with RpSTS in right Crus I/II and bilateral VI and I-V predicted greater symptomaticity. These data suggest that posterior cerebellum contributes to the neurodevelopment of social perception in both basic and clinical populations. Hum Brain Mapp 38:1914Mapp 38: -1932Mapp 38: , 2017 V C 2017 Wiley Periodicals, Inc.
INTRODUCTION
Theory regarding the etiology of autism spectrum disorder (ASD), a complex neurodevelopmental disorder, has often focused on functional deficits and histopathology in cerebral cortex [e.g., Geschwind and Levitt, 2007] . While cerebellar pathology is a well-replicated finding in ASD that is receiving increasing attention, speculation about this structure's role in ASD often revolves around motor, language, or executive functioning deficits [Fatemi et al., 2012] , rather than the social symptoms that many consider core to the disorder. This is likely due to the fact that the cerebellum's contributions to typical social function and development are not well understood.
Recent work indicates that in addition to participation in motoric, cognitive, and affective processes [Stoodley and Schmahmann, 2009] , the cerebellum also contributes to social perception. In particular, regions of cerebellar posterior lobe (which includes portions of lobule VI as well as lobules Crus I, Crus II, and VIIb) participate during viewing of animate motion, whether this be point-light displays of human movement [Sokolov et al., 2010 [Sokolov et al., , 2012 , hand motions [Jack et al., 2011] , or more abstract displays of Heider and Simmel-type stimuli [Jack and Pelphrey, 2015] . A large activation likelihood estimation metaanalysis of cerebellar involvement in social cognition also indicated that viewing body part motion activates posterior lobe, with involvement of lobules VI, Crus I, and Crus II in particular [van Overwalle et al., 2014] . However, there remain a number of open questions regarding cerebellar contributions to biological motion perception, particularly how this process varies across both typical and atypical development.
Developmental questions are particularly relevant with regards to the cerebellum in light of what we know about this structure's likely role in information processing. In particular, a better understanding of the cerebellum may help us to address one of the central questions of developmental neuroscience: what processes allow us to take complex skills and transform them from slow and effortful to rapid and efficient? A number of theorists [Bloedel, 1992; Ito, 1993; Ramnani, 2006; Schmahmann, 1996] have proposed that we use the cerebellum to make predictions about the cognitive consequences of cerebral activity, and that the experience-dependent refinement of these predictive models allows us to free up well-practiced functions from primarily top-down, effortful control. Further, they suggest that the cerebellum's widespread connectivity allows it to perform this function across a diverse array of information processing tasks. This framework suggests that the cerebellum could play an important role in development across multiple domains.
In the case of biological motion perception, regions of neocerebellum with connectivity to right posterior superior temporal sulcus (pSTS), a key cortical site for processing human movement [Allison et al., 2000] , appear to play a role. Human imaging suggests an anatomical loop between pSTS and Crus I [Sokolov et al., 2014] , and work in nonhuman primates appears to support this [Schmahmann and Pandya, 1991] . Moreover, during biological and animate motion perception, regions of cerebellar posterior lobe, particularly lobules Crus I, Crus II, and VIIb, demonstrate increased effective connectivity to pSTS [Jack et al., 2011; Jack and Pelphrey, 2015 ; and see also for metaanalysis van Overwalle et al., 2015; Sokolov et al., 2012] . In line with these connectivity findings, analyses of local functional specialization indicate that a similar group of posterior cerebellar regions becomes selectively active while processing human or animate movements [Jack and Pelphrey, 2015; Sokolov et al., 2012] .
While we are beginning to have evidence of how the posterior cerebellar lobe contributes to social perception in healthy adults, our understanding of how these contributions vary across development is poor. There is reason to suspect that the role of the posterior cerebellum, and its relationship with pSTS, may change with age; longitudinal morphometry indicates that the superior posterior lobe of the cerebellum has a more protracted developmental period than other regions of the cerebellum [Tiemeier et al., 2010] , and that the peak developmental curve for the temporal lobe also occurs relatively late in adolescence [Giedd et al., 1999] . There is also reason to suspect that posterior cerebellar lobe has relevance in the neurodevelopment of social perception. In ASD, decreased grey matter is observed in right Crus I and left VIIIb across multiple studies [Stoodley, 2014] and lower grey matter volumes in right Crus I/II are associated with higher symptomaticity [D'Mello et al., 2015] . Further, among adolescents with the disorder, lower effective connectivity between right Crus I and pSTS during a social perception task is associated with greater difficulty reading the emotions and intentions of others [Jack and Morris, 2014] . Overall, while we have some understanding of how cerebellar shape and volume changes across development, both in typical and clinical populations, developmental studies of cerebellar function, especially in the domain of social perception, are extremely rare.
In this report, we address three main research aims: (1) to characterize the nature of cerebellar posterior lobe contributions to biological motion perception in both typically developing (TD) individuals and among individuals with a condition (ASD) often characterized by deficits in human motion perception; (2) to examine how these contributions vary by age; and (3) to assess whether variability in cerebellar posterior lobe activity and connectivity can predict social outcomes, particularly severity of social impairment in ASD. To address these aims, we describe the cerebellar response of TD and ASD individuals to passive viewing of coherent (BIO) versus scrambled (SCRAM) point-light displays of human motion, assessed via fMRI crosssectionally. We predicted that, among TD individuals, cerebellar posterior lobe would be selectively active during perception of BIO > SCRAM, and would demonstrate effective connectivity with right pSTS (RpSTS); based on the notion that cerebellar processes reflect experiencedependent adaptation, we further predicted that posterior lobe activation and temporal connectivity would be positively associated with age. Additionally, we expected that if posterior cerebellar lobe indeed contributes meaningfully to the neurodevelopment of social perception, individual differences in this region's response should help explain variance in social behavior. Specifically, we predicted that response to biological motion in cerebellar posterior lobe, connectivity between this region and right pSTS, and associations between these patterns and age, would be attenuated in children with ASD. Further, we expected that higher levels of social atypicalities (assessed across both children with ASD and TD children) or of ASD-specific social symptoms (in children with ASD only) would be associated with lower involvement of posterior cerebellar lobe during biological motion perception.
MATERIALS AND METHODS

Participants and Sample Selection
An in-house database was queried to identify fMRI scans obtained from TD and ASD participants using the biological motion paradigm. All datasets were originally acquired either from adults who had provided informed written consent, or from children whose parents had provided informed written consent and who had themselves provided written and/or verbal assent, as appropriate to their developmental level. If an adult with ASD was not his or her own legal guardian, his or her guardian (usually a parent) provided written informed consent and the participant provided verbal and written assent. Experimental procedures were all conducted in compliance with the standards established by the university Institutional Review Board and the Declaration of Helsinki. For all datasets, an accompanying high-resolution anatomical scan with low motion contamination was required. For child scans, an accompanying estimate of full scale IQ (Differential Abilities Scales [Elliott, 1990] or Wechsler Abbreviated Scale of Intelligence [Wechsler, 1999] ) was required. For child ASD scans, accompanying diagnostic confirmation measures, the Autism Diagnostic Observational Schedule (ADOS) [Lord et al., 2000] and Autism Diagnostic Interview-Revised (ADI-R) [Lord et al., 1994] were required. For adult ASD scans, an ADOS and a full scale IQ estimate, but not an ADI-R, were required. The ADI-R, a parent interview, was not required for adults with ASD given the variability of parent involvement at that age and the greater difficulty of obtaining accurate retrospective information about early childhood milestones for adult subjects. All adult participants had diagnoses confirmed by ASD-expert clinicians at our center.
After screening, datasets were assessed for motion and cerebellar coverage. Exclusionary criteria included absolute or relative root mean squared (RMS) motion 3 mm and/ or 20% of timepoints identified as outliers [Power et al., 2012] . The extent of cerebellar functional coverage was consensus-coded (include/exclude) by two trained raters prior to analysis (see Fig. 1A for a flow diagram detailing sample selection). Complete cerebellar coverage was rare; therefore, loss of a small portion of the most inferior regions (generally, inferior portions of lobules VIIIa/b and IX) was permitted. To achieve the best balance between group functional coverage and sample size, this set of preliminarily "accepted" functional images was registered into standard space (see below, "Cerebellar Normalization" section) and, for each subject, the number of voxels lost in cerebellar grey matter was calculated relative to the standard cerebellar reference image. Subjects within the upper 15% of voxel loss for the entire group were then discarded from further analysis. A schematic of functional cerebellar coverage for the groups can be found in Figure  1B .
This sample selection process yielded 62 TD participants (26 male) ranging in age from 4.50 to 35.58 years and 35 participants (27 male) with ASD ranging in age from 7.08 to 30.08 years. Racial breakdown was as follows: for the TD sample, 39 participants identified as White, 9 as Black, 8 as Asian, 1 as native Hawaiian or other Pacific Islander, and 5 as more than one race; for the ASD sample, 29 participants identified as White, 3 as Black, 1 as Asian, and 2 as more than one race. Demographic information and data quality metrics for these samples are found in Table I . Several subsamples were generated from this group to address a variety of research questions, with subsample creation driven either by availability of measure(s) of interest (e.g., a parent-report measure of social behavior not collected from adult participants), or the necessity of matching diagnostic groups on key nuisance variables prior to investigating group differences in brain activity. Subsample creation is described below (Section "Data Analysis: Group-Level fMRI Statistics").
Experimental Paradigm
Participants passively viewed blocks (6 per condition, 24 s each) of coherent point-light displays of biological motion (BIO) interleaved with scrambled (SCRAM) versions of these displays over a total of 144 two-second volumes, with an additional 10 volumes of final fixation. The displays were initially developed and described by Klin et al. [2009] and the neural correlates of exposure to this paradigm at a whole-brain level, among both TD youth and youth with ASD, are well-understood [Kaiser et al., 2010] . The BIO > SCRAM contrast allows for assessment of brain activity associated with biological motion perception, controlling for visual motion perception generally [Bertenthal and Pinto, 1994] .
Imaging Parameters
Images were collected on a Siemens 3T Tim Trio scanner equipped with a 32-channel head-coil. Whole-brain T1-weighted anatomical images were acquired using a sagittal integrated parallel imaging sequence (TR 5 2,000 ms; ; voxel size 5 3.4 mm 3 3.4 mm 3 4 mm; 34 slices) sensitive to blood oxygen level dependent contrast; 164 volumes were acquired, the first ten of which were discarded to allow for magnetic saturation effects.
Data Analysis
FMRI preprocessing
FMRI data preprocessing was conducted using FSL's FEAT v. 6.00, and included motion correction [Jenkinson et al., 2002] , slice-timing correction, skull-stripping [Smith, 2002] , grand-mean intensity normalization of the entire 4D dataset by a single multiplicative factor, and highpass temporal filtering (Gaussian-weighted least-squares straight line fitting, with sigma 5 50.0 s). To prevent occipital activity from being smoothed across the cerebellar boundary prior to cerebellar extraction, no spatial smoothing occurred at this stage.
Cerebellar normalization
Functional and structural data were isolated from the cerebellum and registered to a standard cerebellar template, the Spatially Unbiased Infratentorial Template (SUIT) v. 2.7 [Diedrichsen, 2006; Diedrichsen et al., 2009] . The following steps were applied to each participant's anatomical image: setting image origin to the anterior commissure; image cropping and cerebellar masking; Note. Differences on means are calculated using t-tests and differences on counts using chi-squared. ADI-R:A: Autism Diagnostic Interview-Revised Diagnostic Algorithm A: "Qualitative Abnormalities in Reciprocal Social Interaction." ADOS CSS: Autism Diagnostic Observation Schedule Calibrated Severity Score. Diff.: Difference. FSIQ: Full scale IQ. Relative RMS: Relative (volume to volume) root mean squared motion. SRS: Social Responsiveness Scale. 1: Indicates a variable included in the group-level models run using the sample. †: This child had a low ADOS CSS but surpassed diagnostic criteria on all domains of the ADI-R and expert clinical judgment, had a well-established historical diagnosis at our clinic, and met criteria on an ADOS assessment administered later the same year.
r Jack et al. r r 1918 r manual correction of the cerebellar mask; and normalization of the cropped, masked anatomical into SUIT space using a nonlinear deformation. The preprocessed functional image was registered into high-resolution anatomical space using FSL's FLIRT [Jenkinson et al., 2002] , and thereafter into SUIT space using the deformation matrix found during anatomical normalization. Functional images in SUIT space were then spatially smoothed [Smith and Brady, 1997 ] with a Gaussian kernel of FWHM 5 mm, and submitted to first level statistical processing 1 .
Single-subject fMRI statistics
At first level, data was submitted to fixed-effects analyses to generate subject-specific estimates of (1) cerebellar response to the BIO > SCRAM contrast, using a standard time-series modeling approach, and (2) BIO > SCRAMspecific connectivity to right pSTS, using a psychophysiological interaction (PPI) modeling approach. Both types of analyses were conducted using FSL's FEAT, with timeseries statistical analysis carried out using FILM with local autocorrelation correction [Woolrich et al., 2001 ].
Time-series modeling of BIO > SCRAM
The timecourses of the BIO and SCRAM conditions were included as regressors in this analysis, convolved with a double-gamma hemodynamic response function (HRF). Temporal filtering was applied and a temporal derivative added. Nuisance regressors at this level were included to account for subject motion: a confound matrix identifying outlier timepoints according to the DVARS metric [Power et al., 2012] as well as six standard motion parameters. The contrast of interest from this analysis was the mean estimate of BIO > SCRAM.
PPI modeling
We used PPI analysis to examine task-related connectivity between the cerebellum and right pSTS, using the methods described in O'Reilly et al. [2012] . To create a seed region for this analysis, we conducted whole-brain analyses of the BIO > SCRAM contrast (z > 2.3, P 5 0.05, cluster-corrected) separately for the full TD and ASD samples. To ensure that the seed would be inclusive of regions active across subsamples comprised wholly of children, whole-brain analyses were also conducted within a matched sample of TD children and children with ASD (Table I: C, see description of sample C in Group-level fMRI analyses, below). Results of the whole brain analyses are presented in the Supporting Information Figure S1 and Supporting Information Table SI. A binarized mask was created that represented overlap in whole-brain activity among: the full ASD sample, the full TD sample, children with ASD from the matched child sample, and TD children from the matched child sample. This mask was searched for coherent clusters in right pSTS; such a cluster of functional overlap was observed specifically in the posterior continuing (or posterior caudal [Segal and Petrides, 2012] ) branch of the right STS. This portion of pSTS is often found to be selectively active during human motion perception [Pelphrey et al., 2003b,] . This right pSTS cluster was selected for use as a PPI seed (see Fig. 2G ). The seed consisted of 107 voxels, with a center of gravity at x 5 52.0, y 5 255.5, z 5 4.8 in MNI coordinates (mm). The anterior and posterior limits of the seed were y 5 250 to 262; the superior and inferior limits were z 5 8 to 2; and its lateral extent was between x 5 60 and 42. A full description and schematics of the seed creation process can be found in Supporting Information Figure S2 . The seed mask was registered to individual functional space using FLIRT, and masks were visually inspected to ensure that no voxels encompassed non-brain material.
The first level analysis was modeled as follows: the psychological regressor was the timecourse of the BIO-> SCRAM contrast, convolved with a double-gamma HRF and with temporal filtering applied and temporal derivative added. The physiological regressor was the mean time series from the right pSTS seed in functional space. The PPI regressor was the interaction term between the psychological and physiological regressors, with the psychological regressor zero-centered about the minimum and maximum values and the physiological regressor demeaned. A regressor of no interest (BIO 1 SCRAM) was included to account for shared variance between trial types; it was convolved with a double-gamma HRF with temporal filtering applied and temporal derivative added. All convolutions were applied prior to forming the interaction term. Nuisance regressors representing standard motion parameters and motion outliers were also included at this level. The contrast of interest from this analysis was the mean estimate of the PPI regressor.
Group-level fMRI statistics
Group-level mixed-effects analyses were conducted on either the BIO > SCRAM contrast of parameter estimates (COPE; e.g., the statistical image containing the weighted b-values) images or on the COPE images that represented the PPI between the BIO > SCRAM contrast and the right pSTS timecourse (hereafter abbreviated BIO > SCRAM 3 RpSTS). All analyses were carried out using FSL's FLAME stages 1 1 2 with automatic outlier detection and deweighting [Beckmann et al., 2003; Woolrich et al., 2004; Woolrich, 2008] , with cluster-corrected thresholding (using traditional Gaussian Random Field theory [Worsley, 2001] ) at z > 2.3 and P 5 0.05. Reporting of results is restricted to supra-threshold effects that could be assigned to any of the cerebellar lobules or nuclei with at least 25% confidence according to the probabilistic SUIT atlas [Diedrichsen et al., 2009] . To control for variability in functional data coverage, all group-level analyses included 4D voxelwise nuisance regressors representing regions of functional data loss for each individual. Pre-threshold masking was applied to limit investigation to cerebellar regions above z 5 257 (in MNI coordinates) to minimize contamination of results due to EPI distortion. See Figure  1B for the cerebellar area analyzed, overlaid with a representation of voxelwise missingness. In all analyses, group variances were estimated separately.
We first examined average cerebellar response to BIO-> SCRAM (or to BIO > SCRAM 3 RpSTS) and associations Flattened z-statistic displays [Diedrichsen and Zotow, 2015] of average BIO > SCRAM cerebellar activity within (A) the full sample of TD adults and children and (B) the full sample of adults and children with ASD, with outlines indicating lobular structure overlaid in black. Below, regions displaying a significant psychophysiological interaction (PPI) between the BIO > SCRAM contrast and a seed region in right posterior superior temporal sulcus (RpSTS; panel E) for the full sample of TD adults and children (C) and the full sample of adults and children with ASD (D) are displayed as flattened z-statistic images. [Color figure can be viewed at wileyonlinelibrary.com] r Jack et al. r r 1920 r between cerebellar response and age. For both the full TD (n 5 62) and full ASD (n 5 35) groups (Table I: A, hereafter referred to as "sample A"), we created models that included two regressors of interest (in addition to the voxelwise nuisance regressor), one representing the group mean response, and the other representing age (centered). The contrasts of interest from these analyses were average group activation as well as positive or negative associations with age.
Given that these groups demonstrated mean differences in several important demographic and data quality assurance variables, we created matched subsamples for use in examining differences in brain activity between the TD and ASD groups. These matched samples were created using the R package "MatchIt" [Ho et al., 2007] , with matches made to adult or child ASD cases from adult or child TD cases, respectively, based on average relative RMS motion, maximum relative RMS motion, and sex. The resulting subsample characteristics, showing improved group balance, are reported in Table I . The matched sample that included both adults and children (Table I :B, "sample B", N 5 70, TD and ASD group n 5 35) was used to examine group differences in response to BIO-> SCRAM (or to BIO > SCRAM 3 RpSTS), controlling for age; and to examine whether any group differences existed in the magnitude and/or direction of the association between age and cerebellar response to BIO > SCRAM.
To address our aim of understanding associations between autism-related social atypicalities and cerebellar response to biological motion, we incorporated information from parent-report measures of current and historical social function into our models. The Social Responsiveness Scale (SRS) is a measure designed to assess the presence of autistic features in the domains of social motivation, social communication, social awareness, social cognition, and restricted interests and repetitive behavior, among children ages 4-18 [Constantino and Gruber, 2005] . These features are assessed via parent agreement with a variety of statements on a 5-point Likert scale, and continuous scores are generated such that higher scores indicate endorsement of more responses consistent with social impairment. The SRS total t-score was of interest to us as a measure of current social impairment that was available for both TD children and children with ASD in our dataset. Thus, we tested the relationship between SRS total t-score and response to BIO-> SCRAM (or to BIO > SCRAM 3 RpSTS) in motionmatched children (Table I :C, "sample C," N 5 54, TD and ASD group n 5 27). Two TD children did not have an SRS assessment available, and for these individuals scores were imputed by using the mean SRS total t-score for the TD group. SRS total t-score was not associated with age in this sample, r 5 0.12, P 5 0.383. Models using the matched child sample included regressors representing the mean BIO-> SCRAM group response (or the mean BIO > SCRAM 3 RpSTS group response), age (grand-mean centered), FSIQ (grand-mean centered), and SRS total t-score (grand-mean centered). Positive and negative associations between SRS and BIO > SCRAM (or BIO > SCRAM 3 RpSTS) were assessed for each diagnostic group, as were interactions between diagnosis and SRS associations.
The ADI-R provided us with detailed information about historical functioning of individuals with ASD. Diagnostic algorithm A from this measure, "Qualitative Abnormalities in Reciprocal Social Interaction," is largely calculated based on parent responses regarding social abnormalities in their children between 4-5 years, but includes a few items based on the point of most severe symptom expression or a more developmentally relevant timepoint. Higher scores on this algorithm indicate that the individual has historically had a more severe symptom presentation in the social domain. In our sample, there was a moderate correlation between ADI-R:A scores and SRS total t-scores (r(25) 5 0.44, P 5 0.022). The ADI-R was available for n 5 30 individuals with ASD (Table I :D, "sample D"). Models using this sample included regressors representing the mean BIO > SCRAM group response (or the mean BIO-> SCRAM 3 RpSTS response), age (centered), FSIQ (centered), and ADI-R:A (centered). Positive and negative associations between ADI-R:A and BIO > SCRAM (or BIO-> SCRAM 3 RpSTS) were assessed.
Post-hoc exploratory analyses
Upon conducting our planned analyses, we found indications that ipsilateral connectivity (i.e., between the right pSTS seed and right cerebellar hemisphere), versus the expected contralateral pattern, might be associated with younger age among TD individuals, and with greater social symptom load among individuals with ASD (see Results below). To further assess these patterns, we created a pSTS seed in the left hemisphere (LpSTS) that was the mirror image of the right pSTS seed used in the planned analyses, and ran the PPI models again using this left pSTS seed (BIO > SCRAM 3 LpSTS).
RESULTS
Response to Biological Motion (TD)
TD individuals within the full sample (sample A, n 5 62) displayed significant activity in response to BIO-> SCRAM, controlling for age, in lobule VI bilaterally, with additional clusters bilaterally in VIIb/Crus II, VIIIa, and Crus I/II, as well as in vermis IX/VIIIb, left dentate nucleus, and left X ( Fig. 2A ; Table II ). These individuals also demonstrated a significant BIO > SCRAM 3 RpSTS interaction in left lobules Crus I/II, VI, and VIIIb, as well as right lobules X and VIIIb ( Fig. 2D ; Table II) . Post-hoc analysis of the BIO > SCRAM 3 LpSTS interaction revealed a largely similar set of regions to those found with the right hemisphere seed, comprising left lobules Crus I/II and VIIIa/b, and right lobules I-IV, VIIIa/b, and X (Supporting Information Fig. S3A ; Supporting Information Table S2 ). 
Response to Biological Motion (ASD)
ASD individuals within the full sample (sample A, n 5 35) displayed a significant BIO > SCRAM response, controlling for age, within left lobules VI, Crus I, and Crus II ( Fig. 2B ; Table II ). These individuals also demonstrated a significant BIO > SCRAM 3 RpSTS interaction in left Crus II and right hemispheric lobules Crus I/II, VIIIb, and IX ( Fig.  2E ; Table II) . Post-hoc analysis indicated that these participants also demonstrated a significant BIO > SCRAM 3 LpSTS interaction primarily limited to left Crus II (Supporting Information Fig. S3B ; Supporting Information Table S2 ).
Group Differences in Response to Biological Motion
The mean BIO > SCRAM response of the full TD and ASD samples demonstrated overlap that occurred primarily in left VI, with some additional overlap in left Crus I/II (Fig. 2C) . No significant group differences in BIO-> SCRAM response, controlling for age, were detected in the matched sample that included both adults and children (sample B, N 5 70). The full TD and ASD samples showed some overlap in the cerebellar regions that demonstrated a significant BIO > SCRAM 3 RpSTS interaction, primarily within left Crus II; however, no regions demonstrated significant between-group differences. Post-hoc analysis of the BIO > SCRAM 3 LpSTS interaction similarly showed no significant group difference.
Relationship Between Age and Response to Biological Motion (TD)
Within the full sample of TD individuals (sample A), we observed a positive association between age and BIO-> SCRAM response in left lobules VIIIa and VIIIb ( Fig. 3A ; Table III ). There were no cerebellar regions that demonstrated a negative association between age and BIO > SCRAM response. By contrast, these individuals demonstrated a negative association between BIO > SCRAM 3 RpSTS connectivity and age in regions of right lobules VIIb, VIIIa/b, VI, and Crus I/II, as well as left lobules I-IV ( Fig. 3B ; Table III) , with the strongest association detected in right VI. No cerebellar regions demonstrated a positive association between age and BIO > SCRAM 3 RpSTS connectivity. Post-hoc analysis did not reveal any regions that demonstrated significant positive or negative associations between BIO > SCRAM 3 LpSTS connectivity and age in the full TD sample.
Relationship Between Age and Response to Biological Motion (ASD)
Within the full sample of individuals with ASD (sample A), we observed positive associations between age and BIO > SCRAM response in left Crus I, left dentate nucleus, and left IX, as well as in right Crus II ( Fig. 3A ; Table III) . No cerebellar regions demonstrated a negative association between age and BIO > SCRAM response. Conversely, no cerebellar regions demonstrated a positive association between age and BIO > SCRAM 3 RpSTS connectivity, but negative associations were observed bilaterally in Crus I/ II ( Fig. 3C ; Table III) . Post-hoc analysis indicated that participants with ASD also showed negative associations between age and BIO > SCRAM 3 LpSTS connectivity in bilateral Crus I/II, as well as in right VI, right IX, and vermis VIIIb ( Fig. 6A ; Table III ).
Interactions Between Diagnostic Status and the Relationship Between Age and Response to Biological Motion
We found no cerebellar regions displaying a group difference in the relationship between age and response to biological motion in our matched sample of adults and children (sample B), nor were any such differences found in the post-hoc BIO > SCRAM 3 LpSTS PPI analysis.
Current Social Impairment and Response to Biological Motion (TD and ASD)
Among youth with ASD (sample C), lower parentreported social impairment (as measured via SRS total tscore, and controlling for age and FSIQ) was related to greater BIO > SCRAM activity in right dentate nucleus ( Fig. 4A ; Table IV ); no such associations were observed in the matched group of TD children. Among TD children, higher SRS scores were associated with stronger BIO > SCRAM 3 RpSTS connectivity in a cluster with a peak in right X, while among children with ASD, clusters demonstrating this pattern were observed in right hemispheric lobules Crus I and Crus II with extension into VIIb ( Fig. 4B ; Table IV) . Post-hoc analysis did not reveal any regions that demonstrated significant positive or negative associations between BIO > SCRAM 3 LpSTS connectivity and SRS scores for either group.
Historical Social Functioning in ASD and Response to Biological Motion
Lower parent-reported ASD symptoms in the social domain (measured via the ADI-R:A) were associated with Flattened z-statistic display of regions in the full sample that demonstrated a significant association between BIO > SCRAM response and age, for (A) the full sample of TD adults and children, and (B) the full sample of adults and children with ASD. bvalues for the BIO > SCRAM contrast were extracted from regions of interest (boxed) and plotted against age, with fit lines and 95% confidence intervals estimated separately for each group.
Below, flattened z-statistic displays of regions that demonstrated a significant association between age and the BIO > SCRAM 3 RpSTS psychophysiological interaction (PPI), within the full sample of TD adults and children (C) and the full sample of adults and children with ASD (D). Weighted b-values for the PPI regressor were extracted from regions of interest (boxed) and plotted against age. [Color figure can be viewed at wileyonlinelibrary.com] higher BIO > SCRAM activity in left Crus I and right Crus II among individuals with ASD (sample D), controlling for age and FSIQ ( Fig. 5A ; Table V) . Conversely, higher BIO-> SCRAM 3 RpSTS connectivity was associated with greater symptom load in a cluster that encompassed regions of right Crus I, left VI, left V, and right VI, with extension into bilateral I-IV ( Fig. 5B ; Table V) . Post-hoc analysis indicated that higher BIO > SCRAM 3 LpSTS connectivity was associated with greater symptom load in left Crus I as well as in a primarily anterior lobe cluster that encompassed regions of left V, left VI, and right I-IV ( Fig.  6B ; Table V) .
DISCUSSION
This report makes several contributions to the burgeoning literature on cerebellar contributions to nonmotor function, specifically in the relatively understudied area of social perception. Using datasets acquired during passive viewing of coherent versus scrambled point-light displays of human motion, we examined cerebellar response to these stimuli among both neurotypical participants and among individuals (those with ASD) known to exhibit deficits in social perception and behavior. Our aims were: (1) to characterize the topography of biological-motionselective cerebellar response and temporo-cerebellar effective connectivity; (2), to examine associations between these responses and age; and (3), to examine associations between these responses and measures of social behavior. Overall, our findings reveal that (1) typically developing individuals recruit regions throughout cerebellar posterior lobe while viewing biological motion, especially lobule VI; moreover, they also demonstrate task-specific connectivity between posterior cerebellar lobe and right pSTS. Individuals with ASD also show posterior lobe activation and connectivity selective to this task, demonstrating overlap with TD response in left-hemispheric regions of VI and Crus I/II. (2) Among typically developing individuals, older age predicted greater cerebellar response in left VIIb and left VIIIa/b, but reduced effective connectivity between right pSTS and widespread regions of the right cerebellar hemisphere. Among individuals with ASD, older age predicted greater response in left Crus I and in Crus II bilaterally, and decreased effective connectivity with both left and right pSTS in bilateral Crus I/II. (3) Cerebellar response and connectivity predicted social symptom load among individuals with ASD in a number of regions. Specifically, increased signal in regions of left VI/ Crus I and right Crus II, VIIb, and dentate nucleus was associated with ratings of less severe social impairment, and increased effective connectivity with right pSTS within right Crus I/II, more medial regions of left VI, and lobules I-V, was associated with greater social impairment. Posthoc analysis indicated that increased effective connectivity with left pSTS within left Crus I was also associated with greater social impairment, suggesting that atypical lateralization of connectivity may be related to impairment. Associations between social behavior and cerebellar response among TD children were not widespread. Finally, contrary to our hypotheses, although analyses of our full TD and ASD samples displayed patterns of response and connectivity that appeared somewhat different topographically, we did not find statistically significant group differences in subsamples that were well-matched for head motion and age. Below, we further unpack these main findings.
TD individuals demonstrated a robust, well-formed response to coherent versus scrambled human motion across cerebellar posterior lobe, with the most prominent activity located in bilateral VI, and additional bilateral foci in Crus I, Crus II, VIIb, and VIIIa. Individuals with ASD Note. Coordinates are reported in MNI space. Probability (Prob.) indicates the degree of certainty with which the coordinates can be assigned to the indicated lobule according to the SUIT atlas. Z: Z-statistic. k: cluster voxel extent. showed activation in left VI and left Crus I/II. Although the topography of the cerebellar response to BIO > SCRAM among participants with ASD appeared somewhat different from that of our TD group, contrary to our hypothesis, we detected no regions in which there was a statistically significant difference in response within our (A) Z-statistic display of the region that demonstrated a negative association between Social Responsiveness Scale (SRS) total tscore and response to the BIO > SCRAM contrast among children with ASD (blue), overlaid onto the SUIT template, with the SUIT probabilistic map of the right dentate nucleus, thresholded at >25%, indicated in red. Weighted b-values for the BIO-> SCRAM contrast were extracted from this region and plotted against SRS total t-score, with fit lines and 95% confidence intervals estimated separately for each group within the matched child sample. (B) Flattened z--statistic display of regions that demonstrated a significant association between SRS total t-score and the BIO > SCRAM 3 RpSTS psychophysiological interaction (PPI), within the matched sample of TD children and children with ASD. Weighted b-values for the PPI regressor were extracted from selected regions (boxed) and plotted against SRS total t-score. Higher SRS total t-scores indicate greater social impairment. [Color figure can be viewed at wileyonlinelibrary. com]
matched sample of participants with ASD and TD participants. A previous study using point-light biological motion stimuli to assess cerebellar response in healthy adults noted activation in left Crus I and VIIb [Sokolov et al., 2012] ; the peak activity we observed in TD individuals was somewhat anterior, in lobule VI, although in both cases left VIIb is noted. Discrepancies between the topography of activation could be attributable to several factors. First, Sokolov and colleagues complemented the viewing of their stimuli with a one-back repetition task, while ours was passive; the difference in task requirements could help to explain the difference in response topography. Further, we used a larger sample (N 5 62 vs. N 5 13) and analyzed the cerebellum in isolation, versus conducting a whole-brain analysis. This, combined with our use of the SUIT toolbox for more accurate registration of the individual cerebellar lobules [Diedrichsen, 2006] , may have increased our statistical power. Inclusion of a broader age range may also have impacted the localization of the response. The activation observed in VIIIa among our TD participants may seem counterintuitive, given reports that have characterized this site as primarily associated with sensorimotor processes [Stoodley and Schmahmann, 2009] . However, we have previously observed this region to be active in healthy adults when viewing abstract shapes whose motion patterns appear animate [Jack and Pelphrey, 2015] , suggesting that it may play a role in social perception.
Moreover, functional connectivity analysis indicates that the activity of lobule VIIIa correlates with that of occipitotemporal and secondary sensory as well as premotor regions, but not to primary motor regions, suggesting a role in secondary sensorimotor and integrative processes [Kipping et al., 2013] . Continued study of the inferior cerebellar lobules, including VIII, is needed to help clarify its role. One limitation of our project is that scans were not originally acquired for the purpose of assessing cerebellar signal, requiring us to adjust for individual differences in functional data loss and other sources of noise in inferior cerebellum via statistical methods. Ideally, however, scans would be acquired at outset to be optimized for signal capture from inferior cerebellum, including oblique slice prescription and acquisition of a field map to help correct for EPI distortions.
As predicted, TD participants showed significant human-motion-selective effective connectivity between right pSTS and left VI, left Crus I/II, and bilateral regions of VIIIb. Participants with ASD showed effective connectivity with right pSTS that was bilateral in Crus I/II and broader in spatial extent, with additional clusters showing this pattern of connectivity in bilateral IX. Previously, effective connectivity with pSTS selective to human or animate motion has been demonstrated in healthy adults in Crus I, Crus II, and VIIb [Jack et al., 2011; Jack and Pelphrey, 2015; Sokolov et al., 2012] , and our results are in line with these previous findings.
Older age was associated with stronger response to the BIO > SCRAM contrast in left hemispheric VIIb, VIIIa, and VIIIb among TD individuals. Regions displaying this pattern in ASD were more superior, with positive associations between age and response to biological motion found in left Crus I and bilateral Crus II. Conversely, effective connectivity with right pSTS was reduced with age in a number of regions for both groups. In our TD sample, regions that showed this pattern were distributed throughout the right cerebellar hemisphere, suggesting that ipsilateral connectivity may decrease with age. Structurally, cerebrocerebellar connections are largely crossed [Apps and Watson, 2013] ; functions that are lateralized within the cerebrum tend to show a contralateral pattern of representation in the cerebellar hemispheres [Jansen et al., 2005; Schlerf et al., 2015] , with damage to left cerebellum disrupting right-lateralized cerebral cognitive functions (e.g., spatial processing) and vice versa [Scott et al., 2001] . Social perceptual functions of pSTS tend to be right-lateralized [e.g., Pelphrey et al., 2003a Pelphrey et al., , 2004 , and the seed we chose a priori for PPI analysis was consequently in right pSTS. For these reasons, connectivity with the left cerebellar hemisphere would be expected, and indeed we find that on average, among TD participants, effective connectivity with right pSTS was predominantly observed in left cerebellum. It appears, however, that the degree to which this functional asymmetry is observed may differ with age. When the development of functional asymmetry within the cerebrum has been investigated, researchers have observed that the lateralization of both left-(e.g., linguistic) and right-(e.g., spatial) hemispheric functions may increase with age [Everts et al., 2009; Szaflarski et al., 2006] . However, while some aspects of cerebral lateralization may be related strictly to maturational processes [Stephan et al., 2007] , it also appears likely that skill acquisition plays a key role in the development of functional asymmetry, particularly for more complex functions [Everts et al., 2009; Holland et al., 2007; Plante et al., 2015; Weiss-Croft and Baldeweg, 2015] . It is possible that the negative association between age and ipsilateral connectivity we observe could be related to similar processes, with an increasingly selective response over development either related to maturation or to accumulating experience with the stimuli. Given that afferent connectivity influences the development of lateralization in target regions [Stephan et al., 2007] , the pattern we observe in right cerebellum may also be related to changes in pSTS response with age, such as decreasing recruitment of the left hemisphere. We note, however, that our post-hoc analysis of BIO-> SCRAM 3 LpSTS did not reveal significant associations with age anywhere in cerebellum for our TD sample. Further, given that this investigation was cross-sectional, we lack the ability to draw links between individual experience and changes in cerebellar response. To clarify these processes in future, we must implement longitudinal designs that test both short-term development of cerebellar signal in response to repeated exposures to social stimuli, and long-term development of cerebellar function across childhood and adolescence. Among children with ASD, stronger activation of clusters with peaks in left Crus I (with extension into left VI) and right Crus II during biological motion perception was associated with parent report of less severe social impairment historically according to diagnostic algorithm A of the ADI-R; greater activity in right dentate nucleus was associated with lower endorsement of current symptomaticity on the SRS. The association between left Crus I/VI response to biological motion and intact social perception aligns well with a number of previous findings. Lesions to this region have been associated with impaired biological motion detection [Sokolov et al., 2010] , and stronger recruitment of this site among healthy adults while viewing ambiguous animate stimuli is related to a greater tendency to attribute socio-emotional properties to those stimuli [Jack and Pelphrey, 2015] . The association between lower symptom severity according to the SRS and greater BIO > SCRAM response in dentate nucleus was unexpected. The region displaying this pattern lies specifically in the dorso-rostral region of the right dentate nucleus (DRDN; above z 5 235 and anterior to y 5 258; [K€ uper et al., 2011] ). This is somewhat unexpected given that it is the ventral region of dentate nucleus that tends to be linked with cognitive process, while the dorsal region has been associated with motor functions [Habas, 2010; K€ uper et al., 2011; Tellmann et al., 2015] . However, intriguingly, portions of the dentatorubrothalamic pathway seeded from this specific sub-region of dentate nucleus-right DRDNhave been found to exhibit lower white matter integrity in children with ASD than in neurotypical children [Jeong et al., 2012] . Further, higher white matter integrity in the pathway emerging from right DRDN predicted better daily living skills in these children [Jeong et al., 2012] . These previous findings, coupled with our findings in the functional domain, suggest that deficits in right DRDN and its efferents may help characterize the ASD neuroendophenotype and predict behavioral outcomes.
Greater effective connectivity between right pSTS and regions of right Crus I and right Crus II were associated with greater symptomaticity as reported on the SRS; greater effective connectivity between right pSTS and right Crus I, medial sectors of lobule VI bilaterally, and anterior lobe (lobules I-V), were associated with poorer parent report of social functioning on the ADI-R. Connectivity between right pSTS and anterior lobe, which is a predominantly sensorimotor region of the cerebellum [e.g., Stoodley et al., 2012] , during biological motion perception would indeed be suggestive of an atypical neural pattern, one potentially associated with social deficit. However, associations between right pSTS effective connectivity in posterior lobe regions and higher symptom load were unexpected; for example, it is currently unclear why greater BIO > SCRAM response in right Crus II would be associated with better social function, but that greater effective connectivity between this region and right pSTS would be associated with poorer social function. One possible explanation of this finding may be related to the fact that crossed cerebro-cerebellar connectivity is more developmentally typical, with (as we discussed above) increasing lateralization associated with age and experience. Thus, ipsilateral connectivity may be an index of atypical neurodevelopment that also marks greater social deficit. We note that individuals with ASD have previously been documented to exhibit atypical patterns of brain structural and functional asymmetry, either exhibiting a more symmetrical pattern or an asymmetry reversed from the typical direction [e.g., Cardinale et al., 2013; Floris et al., 2013 Floris et al., , 2016 Kleinhans et al., 2008; Lo et al., 2011] ; moreover, this atypical asymmetry is often documented in the temporal region [e.g., Jung et al., 2016; Lange et al., 2010; Rojas et al., 2005; Stroganova et al., 2007] . Such asymmetries have previously been shown to correlate with phenotypic profiles in ASD, as where atypical lateralization in language-associated brain regions [Floris et al., 2016; de Foss e et al., 2004] or electrophysiological components [Schmidt et al., 2009] have been found to predict linguistic deficits. It is possible that a similar process is at work here. In our post-hoc PPI analysis, we observed that increased connectivity between left pSTS and left Crus I also predicted greater social symptom load on the ADI-R. This may lend some support to the interpretation that ipsilateral temporo-cerebellar connectivity is indicative of a neuropathological process. However, given that we did not predict this outcome a priori, future work should attempt to reproduce the result in a larger sample of individuals with ASD. If replicable, additional experiments should be implemented to determine under what Note. Coordinates are reported in MNI space. Probability (Prob.) indicates the degree of certainty with which the cluster coordinates can be assigned to the indicated lobule according to the probabilistic SUIT atlas. Z: Z-statistic. k: Cluster voxel extent. In sum, we find that cerebellar posterior lobe contributes to response to human motion, across ages and in both typical and ASD populations. Age differences in activation and connectivity related to biological motion perception indicate the need for further longitudinal work to clarify how cerebellar interactions with neocortex, particularly pSTS, develop with individual experience. Further, evidence suggesting that cerebellar response, particularly in Crus I/II, is related to the degree of social impairment in children with ASD, indicates that developmental studies of this region could not only contribute to our understanding of typical social information processing, but also of factors that contribute to risk for, or resilience to, perturbations in social development.
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